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Most organisms maintain a transmembrane sodium gradient for cell 2 function. Despite the importance of Na + in physiology, no directly Na + responsive 3 signalling molecules are known. The CyaB1 and CyaB2 adenylyl cyclases of the 4 cyanobacterium Anabaena PCC 7120 are inhibited by Na + . A D360A mutation in the 5 GAF-B domain of CyaB1 ablated cAMP mediated autoregulation and Na + inhibition. Na + 6 bound the isolated GAF domains of CyaB2. cAMP blocked Na + binding to GAF domains 7 but Na + had no affect on cAMP binding. Na + altered GAF domain structure indicating a 8 mechanism of inhibition independent of cAMP binding. ΔcyaB1 and ΔcyaB2 mutant 9 strains did not grow below 0.6 mM Na + and ΔcyaB1 cells possessed defects in Na + /H + 10 antiporter function. Replacement of the CyaB1 GAF domains with those of rat 11 phosphodiesterase type 2 revealed that Na + inhibition has been conserved since the 12 eukaryotic/bacterial divergence. CyaB1 and CyaB2 are the first identified directly Na + 13 responsive signalling molecules that function in sodium homeostasis and we propose a 14 subset of GAF domains underpins an evolutionarily conserved Na + signalling mechanism. 15 GAF domains and sodium Cann 3 Introduction. 16 The ability to maintain appropriate intracellular inorganic ion 17 concentrations when challenged by extracellular fluctuations is among the most ancient 18 and fundamental cellular processes. Sodium is an essential cation whose intracellular 19 levels can be maintained by primary and secondary transport, for example, by Na + -20
ATPases and Na + /K + -ATPases in animal cells and H + -ATPases, ion channels, and co-21 transporters in plant cells (Pedersen, 2005; Zhu, 2003) . Typically, intracellular 22 concentrations of Na + are maintained much lower than in the extracellular milieu. This 23 transmembrane Na + gradient can be used as the basis for electrical signalling or can be 24 coupled to electrochemically unfavourable solute flow. 25 Na + homeostatic response mechanisms enable cells to adapt to increases or 26 decreases in environmental Na + and their study is of great interest in both agriculture and 27 medicine. Salinity stress is one of many abiotic decertifying stressors that reduces 28 agricultural output by 50% worldwide and more than 50% of global arable lands may be 29 under salinity stress by 2050 (Boyer, 1982; Wang et al., 2003) Plants respond to salinity 30 stress through a number of distinct mechanisms including the homeostatic transport of 31 ions, control of water flux, and osmolyte biosynthesis (Hasegawa et al., 2000) . Among the 32 human population, many normotensive and hypertensive patients are "salt sensitive " and 33 these patients show large fluctuations in blood pressure in response to salt repletion or 34 depletion ( Franco and Oparil, 2006) . Despite these fundamental roles for Na + in biology, 35 no molecular mechanism by which fluctuations in Na + concentration are directly detected 36 and signalled has been identified. Identification of such a direct detection mechanism 37 would be vital to understanding the biology of many medically and environmentally 38 important Na + -dependent processes. 39
The cyanobacteria are an excellent model for studying Na + stress response 40 mechanisms. The identification of six specific histidine kinases and five response 41 observed at 1 µM cAMP and above (95% C.I.) ( Figure 2B ). At any given concentration of 125 exogenous cAMP, fold inhibition of CyaB1 1-859 D190A specific activity is reduced relative 126 to wild type indicating that the GAF-A domain may have a subtle role in the inhibitory 127 mechanism. CyaB1 1-859 D360A specific activity was not responsive to Na + consistent with 128 a role for Na + in the inhibition of cAMP mediated autoregulation ( Figure 2C ). As CyaB1 1-129 859 D360A specific activity was maintained similar to the basal activity of the wild type 130 enzyme (Figure 2A ), the loss of inhibition is not an artefact of altered enzyme activity. Figure 3B ). The specific inhibitory effect of Na + is also 146 compensated for by exogenous cAMP demonstrating that Na + has a similar activity in 147 both CyaB1 and CyaB2 of inhibiting cAMP mediated autoregulation ( Figure 3C ). 148
To support a role for Na + binding to and modulation of GAF domain activity in 149
CyaB1 and CyaB2 we sought evidence for a direct Na + -GAF domain interaction. 150
Unfortunately, the tandem GAF domain motif of CyaB1 cannot be expressed as a 151 recombinant protein for these studies but the tandem GAF domain of the CyaB2 AC of 152 SBFI is a fluorescent indicator specific for Na + and has a K D for Na + (3.8 mM in 157 the absence of K + ) of a similar order of magnitude as the I.C. 50 for CyaB2-GAF-CyaB1. 158
We reasoned that adding a protein that specifically binds Na + to a SBFI/Na + mix would 159 manifest as a decrease in SBFI fluorescence emission. in an event associated with the tandem GAF domain but which is independent of cAMP 181 binding. Aromatic amino acids display chiroptical activity at near UV wavelengths. 182
Chiroptical activity between 250 and 300 nm is particularly sensitive to changes in protein 183 tertiary structure (Sreerama and Woody, 2000) . Obtained circular dichroism spectra for 184
CyaB2 GAFA/B 58-445 with 50 mM K + or in the absence of salt are essentially identical both 185 in the presence and absence of cAMP ( Figure 5 ). In contrast spectra in the presence of 50 186 Figure 6A ). This effect is independent of osmolarity or ionic strength as 202 identical results are obtained when the removed Na + is replaced with K + . The nitrogen 203 growth regime for ΔcyaB1 cells did not affect the lethality at low Na + (data not shown). Figure 6B ). This demonstrated that the 211 inability to grow at limiting Na + in the strains defective in AC expression could be 212 compensated for by cAMP. 
inhibition in a 276
CyaB2-CyaB1 chimeric molecule we were able to use the well characterized isolated 277 tandem GAF domain motif of CyaB2 to investigate the Na + binding mechanism. Na + but 278 not K + bound effectively to the isolated GAF domains underpinning the results of the 279 biochemistry. The observation that cAMP blocked Na + binding further supported the 280 biochemical finding that exogenous cAMP ablated Na + inhibition of the holoenzyme. 281 Interestingly, Na + had no effect on the affinity of the GAF domains for cAMP 282 demonstrating binding most likely occurred at distinct sites. A probable interpretation of 283 the data is that Na + stabilized the GAF domain in a conformation that is unable to signal in 284 the presence of low levels of cAMP. Increased cAMP displaced Na + and preferentially 285 altered the structure of the GAF domain to a new conformation capable of signalling. 286
Consistent with this hypothesis, non-cAMP bound Na + -free GAF domains have a distinct 287 tertiary structure compared to non-cAMP bound GAF domains in the presence of Na + as 288 assessed by circular dichroism. Addition of cAMP to the Na + free GAF domains affects a 289 distinct shift in tertiary structure that is consistent with signalling and most likely identical 290 to that of the recent crystal structure (Martinez et al., 2005) . The spectrum of the GAF 291 domains in the presence of cAMP and Na + is harder to interpret, as the cAMP 292 concentration used should mostly saturate the GAF domains. However, the fluorescence 293 quenching experiments demonstrate that a ten-fold molar excess of cAMP over protein 294 does not displace all of the bound Na + ( Figure 4B ). The GAF domain-Na + -cAMP 295 spectrum may therefore represent an average of a minor contribution of the GAF-Na + 296 bound state to the Na + -free cAMP bound spectrum. Multiple conformational states have 297 also been proposed for the tandem GAF domain motif of mammalian PDE5 (Rybalkin et 298 al., 2003) . 299
The I.C. 50 for Na + for both CyaB1 and CyaB2 are seemingly high for an enzyme 300 that must respond to much lower concentrations of Na + in vivo. Competition binding 301 analysis with SBFI, however, gave an affinity of the CyaB2 GAF domains (measured as 302 K i ) of 302.3±21.1 µM Na + . We speculate that cAMP levels in the AC assays are sufficient 303 to partially block Na + binding giving artificially raised values for the I.C. 50 that are not 304 reflective of the true affinity. The affinity of the GAF domains for Na + is well within the 305 range of Na + concentrations likely to exist in the intracellular environment. 306 Importantly, the observed biochemistry is not an in vitro artefact. Both ΔcyaB1 and 307
ΔcyaB2 cells show defects in Na + homeostasis at limiting Na + concentrations. A scenario 308 consistent with the biochemistry is that local intracellular Na + concentrations at 4 mM 309 extracellular Na + are sufficient to block cAMP mediated autoregulation of CyaB1 (Figure  310 9A). A drop in intracellular Na + precipitated by a fall in extracellular Na + then permits 311 autoregulatory activation of the AC by basal cAMP concentrations ( Figure 9B ). The 312 mechanism of cell death at limiting Na + is most likely due to defects in Na + /H + antiporter 313 function. Na + /H + antiporters essential for survival at low environmental Na that ΔcyaB1 cells had a similar defect in an identical phenotypic assay argues persuasively 318 that CyaB1 is required to regulate the activity of Na + /H + antiporters required for growth at 319 low Na + ( Figure 9B ). Unfortunately we were unable to detect an increase in cellular 320 cAMP in response to a drop in medium Na + . This finding is not entirely surprising as the 321 contribution of CyaB1 and CyaB2 to the cellular cAMP pool is not detectable (Katayama 322 and Ohmori, 1997). We were, however, able to rescue both mutant strains with exogenous 323 cAMP demonstrating that the Na + homoeostasis defects were caused by an inability to 324 produce cAMP in response to a drop in extracellular Na + . 325
The mammalian PDEs catalyze the hydrolysis of cyclic nucleotides and are an 326 important mechanism for regulating cyclic nucleotide levels in the cell (Baillie et al. 2. Consistent with a role for Na + in blocking GAF domain activation, Na + had no effect on 335 AC activity in the absence of exogenous cGMP but inhibited AC specific activity in the 336 presence of cGMP. The difference in the requirements for cyclic nucleotide concentrations 337 for Na + inhibition between CyaB1 1-859 /CyaB2-GAF-CyaB1 (low concentrations) and 338 PDE2-GAF-CyaB1 (elevated concentrations) indicates that the exact mechanism of Na 
